On the Phase Selection of Millimeter Wave Quantized Reflectarrays by Ahmad, Ghulam et al.
On the Phase Selection of Millimeter Wave 
Quantized Reflectarrays 
 
Ghulam Ahmad(1), Tian H. Loh(2),  Tim W. C. Brown(1),  Craig I. Underwood(1) 
 (1) University of Surrey Guildford, United Kingdom, GU2 7XH 
 (2) National Physical Laboratory (NPL), Teddington, United Kingdom, TW11 0LW 
Email: {g.ahmad, t.brown, c.underwood}@surrey.ac.uk, tian.loh@npl.co.uk 
 
 
Abstract—Microstrip printed reflectarrays are becoming a 
potential replacement of parabolic reflector and phased array 
antennas due to their simple design, low cost and ease of 
manufacture to attain high gain and wide angle beam pointing at 
millimeter waves (mm-waves). Significant challenges are faced 
while implementing continuous phase reflectarrays at mm-waves. 
However, discretizing the required reflection phase provides a 
practically implementable solution. This contribution addresses 
the selection of phase states and its scattering in a phase 
discretized mm-wave reflectarray. The performance of two 1.5 
bit phase quantized reflectarrays having closely spaced 
geometrical features is analyzed at 60 GHz. This study provides a 
better understanding to achieve a wider bandwidth response in 
practically implementable mm-wave reflectarrays.   
Keywords—reflectarray; mm-waves; antenna; phase 
quantization; 1.5 bit 
I. INTRODUCTION  
Reflectarray antennas [1] are a versatile replacement of 
parabolic reflectors and phased arrays particularly at millimetre 
waves (mm-waves) due to their reduced implementation cost 
and complexity to attain high gain and wide angle beam 
scanning which are highly demanding features in the next 
generation communication systems. In a reflectarray a large 
number of unit cells are spatially illuminated by a feeding 
source antenna thereby reducing the losses associated with 
power distribution networks in feeding systems of phased 
arrays. At mm-waves it is hard to find commercially available 
low loss, compact electronic control elements/units to 
implement reflection phase control in smart reflectarrays. To 
accommodate multiple discrete electronic control elements in a 
tiny unit cell becomes a significant challenge due to the real 
estate issues. In such a scenario a substantial simplification in 
unit cell design is required to accommodate fewer control 
devices.  
In a large mm-wave reflectarray [2] the accommodating of 
multiple control devices and their DC biasing complicates the 
situation and results in performance degradation. An 
implementation of a 1.5 bit reflection phase quantization offers 
a potential solution to realize practically acceptable optimum 
performance. Such an implementation greatly simplifies the 
issues arising from DC biasing of multiple control elements in 
a large array. When phase states are chosen judiciously it 
results in only 1.6 dB reduction in directivity when compared 
with the performance of continuous reflection phase 
reflectarrays. Although, this reduction may appear to be a lot 
however, it become acceptable when one considers the 
performance degradation due to the accommodation and DC 
biasing of multiple control elements to implement a multi-bit 
control of the reflection phase. In general, implementing a 
coarse phase quantization results in wider bandwidths because 
the selected phase states remain well maintained for a greater 
extent of the required reflection phase as compared to a fine 
phase quantization implementation.  
Even for a coarsely quantized reflection phase, the selection 
of phase states is very important in a good reflectarray design. 
A scattering of reflection phase around the original phase state 
can cause performance degradation. This can happen in passive 
as well as active implementations. In passive unit cells, the 
manufacturing tolerance can cause such a situation. Similarly, 
in active unit cells, the change of parameters of the control 
device over a frequency range would cause such a scattering of 
the phase around its original state. The effect of such a 
scattering of phase has been emulated in this paper by 
implementing two 1.5 bit phase quantized passive reflectarrays. 
In each design three different phase states were achieved by 
implementing different dimensions of the reflecting patches in 
unit cells. It was observed that for almost the same maximum 
directivity the resulting bandwidth was significantly different 
in both cases which highlight the importance of selection of 
phase states and their scattering. 
Section II presents the basics of a reflectarray and its phase 
distribution over the aperture along with the phase 
quantization. Section III describes the design and performance 
of two 1.5 bit quantized reflectarrays. This contribution is 
concluded in Section IV.   
II. REFLECTARRAY PHASE DISTRIBUTION 
A reflectarray consists of a large number of unit cells which 
introduce required phase shifts to the intercepted incoming 
electromagnetic (EM) field from a source feed antenna whose 
phase center is located at the reflectarray focal point. By 
carefully engineering the phase shift at each unit cell location, 
an extremely powerful control of the reflected EM field is 
achieved and very versatile functionalities can be accomplished 
by such a mechanism.  In Fig. 1(a), the required phase 
distribution to collimate the radiated EM field in the antenna 
boresight for a center fed 20λ square aperture 37 x 37 element 
reflectarray having focal length of 15λ is shown. A continuous 
phase shift of 360° is required in a reflectarray as indicated by 
Fig. 1(a). A 1.5 bit quantized version of the required actual  
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Fig. 1. Reflectarray reflection phase distribution over a square aperture for 
boresight collimated radiation antenna beam. Horizontal and vertical axes 
represent the unit cells’ number ranging from 1 to 37 over a side lengths of 
100 mm each. Bar graphs represent the amount of reflection phase in degrees. 
(a) continuous reflection phase, (b) a 3 state discretized reflection phase. 
 
TABLE I.  UNIT CELLS IN EACH SET FOR REFLECTARRAY DESIGN 
Reflectarray Unit Cell 1 Unit Cell 2 Unit Cell 3
Set   1 L1 L2 L3 
Set   2 L1 + 40 μm L2 - 5 μm L3 + 40 μm 
 
reflection phase is shown in Fig. 1(b), where the reflection 
phase has been limited to attain only three equally distributed 
phase states over 360°.      
III. QUANTIZED REFLECTARRAY DESIGN AND ANALYSIS 
We started our unit cell design using simple formulation for 
square microstrip patches at 60 GHz followed by their 
simulation in CST Microwave Studio. To characterize the 
printed circuit board (PCB) fabrication facility (which in fact is 
a low frequency facility) we performed a tolerance test by 
manufacturing a series of unit cells with certain dimensional 
incremental steps. We measured the reflection co-efficient of 
each fabricated unit cell by placing it in a waveguide 
measurement structure which was connected to the network 
analyser. The effects of waveguide structure were taken out 
from the measurement to get the actual performance of unit 
cells. After analysing the reflection phase curves of unit cells 
we selected two different sets of unit cells. Each set consists of 
three unit cells to produce three required reflection phases in a 
1.5 bit phase quantized reflectarray. The dimensions of unit 
cells in both sets corresponding to a particular phase state were 
chosen slightly different to see the effect of phase scattering on 
resultant reflectarray performance. Table 1 lists the parameters 
of unit cells in each set. L2 represents the required patch length 
(width also of square patch) for phase state near resonance, 
while L1 and L3 represent the lengths corresponding to chosen 
phase states above and below the resonance respectively. For 
set 2 the differential change in L2 is far less than that for L1 and 
L3 due to the high sensitivity of reflection phase near 
resonance. Based on the selected set of unit cells in each case 
two reflectarrays were constructed in CST Microwave Studio 
using our custom build codes for further analysis.  
One of the reflectarrays simulated in CST is shown in Fig. 
2(a) with its 3D radiation pattern shown in Fig. 2(b). The 2D 
radiation pattern is shown in Fig. 3. It is observed that both 
reflectarrays can maintain low sidelobes as indicated by insets. 
The directivity of reflectarray made of unit cells of set 2 (called 
reflectarray 2) was 0.14 dB less than that of the reflectarray 1.  
The bandwidth response for both reflectarrays is shown in Fig. 
4, where it can be observed that reflectarray 1 has more than 2 
GHz wider bandwidth as compared to reflectarray 2. This is  
 
Fig. 2. (a) A single layer grounded substrate (RO5880, 10 mil thick) 
microstrip based center fed quantized reflectarray model with feed horn in 
CST. The small grey patches represent the reflecting patches of unit cells in 
reflectarray while the central grey model is a feed horn located 15λ above the 
reflectarray surface. (b) 3D radiation pattern of the simulated quantized 
reflectarray in CST.  
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Fig. 3. Ration pattern of reflectarrays comprised of unit cells in set 1 & 2. 
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Fig. 4. Bandwidth response of reflectarrays of unit cells in set 1 & 2 
 
due the fact that phase response of chosen unit cells in set 2 
could not maintain the required phase states over a wider 
frequency range. Therefore, the scattering of phase around the 
selected nominal value reduced the operating bandwidth in this 
case, which highlights the importance of maintaining the phase 
states near its nominal values.  
IV. CONCLUSION 
We presented the phase quantization for mm-wave 
reflectarrays in this paper to ease their implementation using 
even a low frequency PCB fabrication facility. We highlighted 
the importance of judicious choice of unit cell’s phase states 
and their scattering behaviour to achieve wider bandwidth 
without compromising directivity of side lobe performance. 
Such findings would lead to low cost fabrication of high 
performance mm-wave reflectarrays for futuristic 
communication systems. 
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